The effect of dehydration on the lamellar spacing of photosystem II (PS II) membrane fragments from spinach has been investigated using neutron membrane diffraction at room temperature. The diffraction data reveal a major peak at a scattering vector Q of 0.049 Å −1 at a relative humidity (r.h.) of 90% corresponding to a repeat distance D of about 129 Å. Upon dehydration to 44% r.h., this peak shifts to about 0.060 Å −1 corresponding to a distance of 104.7±2.5 Å. Within experimental error, the latter repeat distance remains almost the same at hydration levels below 44% r.h. indicating that most of the hydration water is removed. This result is consistent with the earlier finding that hydration-induced conformational protein motions in PS II membrane fragments are observed above 44% r.h. and correlated with the onset electron transfer in PS II (Pieper et al. 2008, Eur. Biophys. J. 37: 657-663).
Introduction
The major steps of light-induced water splitting in photosynthesis take place in PS II [1] . Specific lightinduced redox reactions in PS II exhibit a strong dependence on temperature and hydration (for a review, see ref. [2] ). One prominent example is the reoxidation of plastoquinone Q A by another, transiently bound plastoquinone termed Q B , which is inhibited below about 240 K [3, 4] . Quasielastic neutron scattering experiments have established that the dynamical transition at ∼240 K is *Corresponding Author: Jörg Pieper: Institute of Physics, University of Tartu, Tartu, Estonia, E-mail: jorg.pieper@ut.ee, phone: +3727374627 Leonid Rusevich: Institute of Physical Energetics, Riga, Latvia Thomas Hauß: Helmholtz-Zentrum Berlin für Materialien und Energie GmbH, Berlin, Germany Gernot Renger: Max-Volmer-Laboratories, Technical University Berlin, Germany directly correlated with the aforementioned temperaturedependent onset of electron transfer from plastoquinone Q A to plastoquinone Q B . This correlation indicates that thermal activation of macromolecular dynamics is a prerequisite for proper PS II functioning [5, 6] .
In addition, it was found that the hydration level strongly affects the Q A reoxidation [7] . Again, the onset of macromolecular dynamics at a relative humidity of ∼44% was shown to be correlated with the hydrationdependence of the Q A → Q B electron transfer efficiency [8] . It is a generally observed phenomenon that hydration water bound by proteins or membranes acts as a "lubricant" for their macromolecular dynamics (for a review, see ref. [9] and references therein). A deeper understanding of this effect requires investigations of the dynamics of hydration water in correlation with protein/membrane dynamics, but especially also studies of the structural organization of the hydration water shells, as achieved e.g. in the case of purple membrane by a combination of quasielastic neutron scattering and membrane diffraction [10, 11] .
In this regard, membrane diffraction and small-angle neutron scattering (SANS) are valuable experimental tools capable of providing structural information of biological samples in a close to native aqueous environment (for reviews, see refs. [12, 13] ). Recently, neutron studies of plant thylakoid membranes have revealed a size of the grana unit cell of 157 Å in solution [14] . Complementary information from cryo-electron microscopy suggests that the grana unit cell in solution is composed of two membranes with a thickness of ∼40 Å each, a luminal space of ∼45 Å and an interthylakoidal space of ∼32 Å [15] . In this regard, it is important to note that PS II membrane fragments essentially represent the granal part of thylakoid membranes devoid of their curved ends and of the interconnecting stroma lamellae so that the size of the intermembrane spaces can be determined analogously. In the present study we address the question of the water content of PS II membrane fragments equilibrated at defined hydration levels ranging from 23% to 90% r.h. using membrane diffraction.
Materials and Methods
The neutron diffraction experiments were carried out at the membrane diffractometer V1 at the Helmholtz Center Berlin, Germany.
PS II membrane fragments were isolated from spinach (Spinacea oleracea) following the procedure described before [8] . All samples were washed three times in a buffer solution containing D 2 O, 50 mM MES (pD = 6.5), 0.4 M sucrose, 15 mM NaCl, and 10 mM CaCl 2 . Finally, the sample material was equilibrated at different r.h. values using saturated salt solutions dissolved in D 2 O. Typical diffraction data of PS II membrane fragments equilibrated at a hydration level of 90 % r.h. are shown in the inset of Figure 1 . At 90% r.h. (see full blue line) the data reveal a major peak at a scattering vector Q of 0.049 Å −1 and a shoulder towards higher Q-values. The major peak shifts towards larger Q-values upon dehydration (see Figure 2 ). At the same time, the shoulder visible at 90% r.h. becomes a distinct peak at higher Q-values, which is most probably due to a heterogeneity of the sample. The aforementioned structures are completely lost in the data obtained using a vacuum-dried sample (see dashed blue line). Qualitatively, the data obtained agree well with the model for small angle scattering from grana stacks of photosynthetic thylakoid membranes reported by Kirkensgaard et al. [16] . Within the latter model, grana stacks are assumed to exhibit small angle scattering rather than diffraction because of absence of long-range order, so that the data are mainly determined by the complex form factor of the grana unit cell. A detailed analysis following the latter model is beyond the scope of the present study.
Results
Rather, it appears to be sufficient to follow the approach of Nagy et al. [14] , who have analyzed similar data of plant thylakoids identifying the major peak visible in Figure 1 with a Bragg-peak of the grana unit cell defined below. In this case, the repeat distance D of the unit cell is related to the peak position by the equation D = 2π/Q and yields D = 129 Å for PSII membrane fragments at a hydration level of 90% r.h.
The kinetics of equilibration of a PS II membrane fragment sample at 44% r.h. was investigated by a series of subsequent (time-resolved) diffraction measurements. For this purpose, the sample was initially hydrated at 90% r.h. and then transferred into an atmosphere corresponding to 44% r.h. right before the first measurements. The red points shown in Figure 1 correspond to the repeat distances D derived from the major diffraction peak at a given time. The red line is an exponential fit of the data with a time constant τ = 2.5±0.2 hours. Complete equilibration at 44% r.h. is reached after 8-10 hours and results in a repeat distance of 104.7 Å corresponding to a peak position of Q = 0.060 Å −1 . As a consequence, the samples were routinely equilibrated for at least 8 hours. The repeat distances D were obtained for several different hydration levels of PS II membrane fragments (see Figure 3 ). Upon dehydration from 90% to 23% r.h., the repeat distance D decreases from about 129 Å to 103.7±2.5 Å, respectively (see Figure 3) . Within experimental error, the latter repeat distance remains almost the same at hydration levels equal to and below 44% r.h. indicating that most of the hydration water is removed at this point already. Note that the uncertainty given in Figure 3 is larger than in Figure 1 , because the statistical variance of D obtained using different samples equilibrated at one and the same hydration level was generally larger than the error of a single experiment as shown in Figure 1 .
Discussion

Repeat distance of PSII membrane fragments as a function of hydration:
Following [14, 15] , we assume that the unit cell of PS II membrane fragments (see inset of Figure 3 for a sketch) is composed of two membranes with a thickness of ∼40 Å each and two inequivalent intermembrane spaces accessible to hydration water at the stromal and luminal sides of the membrane, respectively. The membranes are accommodating PS II consisting of the PS II core complex [17, 18] , the minor antenna complexes, and the major antenna complex LHC II [19] [20] [21] . PS II is anisotropically embedded into the thylakoid membrane, i.e. membrane-extrinsic proteins are mainly found in the luminal space [17, 18] resulting in the two inequivalent water layers mentioned above. Generally, two types of water have to be distinguished: hydration water bound to the membrane and freely diffusing "bulk water" [22, 23] . The size of the unit cell at 90% r.h. of ∼129 Å is significantly smaller than in solution [14] indicating that a large part of the solvent has been lost upon equilibration. Below 44% r.h., a repeat distance of ∼105 Å appears to be widely constant within experimental error. This is consistent with two membrane layers of ∼40 Å each and membrane extrinsic proteins on the luminal side of ∼25 Å. It is possible that at these hydration levels, the extrinsic proteins are compressed or even damaged, which is in agreement with the observation that PS II membrane fragments equilibrated at 44% r.h. and below do not exhibit functional Q A →Q B electron transfer anymore [7, 8] and do not properly re-hydrate. Furthermore, it is interesting to note that there is an increase in D of about 4 Å between 44% and 57% r.h., which is consistent with the size of the first hydration layer of purple membrane [10, 11] . Similar layers of substrate water molecules on both the stromal and luminal sides of the membrane were identified in the recent X-ray structure of PS II [18] . As mentioned in the introduction, the onset of functionally relevant, hydration-induced conformational dynamics of PS II membrane fragments was also found between 44% to 57% r.h. [8] , which is consistent with the formation of a first hydration shell. Conformational macromolecular motions as observed in [6, 8] are qualitatively different from purely harmonic vibrational motions [24] , because the former cannot be described by a parabolic potential energy well, but require a much more complex potential energy surface [9] . Presence of a functionally relevant hydration shell and bulk water:
The data discussed so far do not directly allow for a distinction between bound and freely diffusing bulk water. Nevertheless, the kinetics data presented in Figure 1 permit an indirect conclusion. Initially the sample studied in this experiment was equilibrated at 90% r.h. and then put into an atmosphere of 44% r.h. right before the first mea-surement. Thus, it should have an initial repeat distance of 129 Å. However, the first measurement on this sample took about 30 minutes and reveals an average repeat distance of ∼110 Å only, that was assigned to the "average" time of 15 minutes. This implies that the loss of about 4-5 water layers -corresponding to a lamellar spacing of 19 Å -occurred too fast to be resolved. This unresolved loss of bulk water is indicated by the dashed red line in Figure 1 . The further, slow and rather mono-exponential decay is almost equivalent to the step in size of the unit cell between 44% to 57% r.h., i.e. it may represent the loss of a single tightly bound water layer. In contrast, the water lost on a much faster timescale should be more weakly interacting with the membrane/protein surface consistent also with a potential presence of bulk water. The latter findings also imply that the tightly bound water layer is responsible for the onset of functionally relevant macromolecular dynamics as observed for PS II [2, 6, 8] as well as for many other proteins/membranes [9] [10] [11] 25 ].
Conclusions
We conclude that the lamellar spacing of PS II membrane fragments strongly depends on hydration. The diffraction data reveal a repeat distance D of about 129 Å at 90% r.h. that gradually decreases to a distance of roughly 105 Å at 44% r.h. and remains almost constant at lower hydration levels. The increase of D between 44% and 57% r.h. is roughly consistent with the formation of a first hydration shell, while further layers of hydration water appear to be much more weakly bound. This result is consistent with the earlier finding that hydration-induced conformational protein motions in PS II membrane fragments are observed above 44% r.h. and correlated with the onset electron transfer in PS II [2, 6, 8] .
